The pathways involved in cellular uptake and accumulation of iminopyridine complexes of general formula 
Introduction
Ruthenium arene anticancer complexes are being widely studied as potential alternatives to platinum chemotherapeutics, [1] [2] [3] [4] [5] [6] [7] [8] [9] especially because acquired resistance to platinum-based drugs represents a major clinical drawback for compounds such as cisplatin (CDDP) 10, 11 and oxaliplatin (OXA). 12, 13 This type of resistance usually develops as a consequence of impaired cellular accumulation that can be caused by lower cellular uptake or increased cellular efflux. 10, 14, 15 There is much current interest in understanding the mechanisms of cellular uptake for CDDP and platinum accumulation in cells, including the role of the copper transport protein CTR1. [16] [17] [18] However, much less is known regarding the mechanisms involved in the cellular accumulation of ruthenium anti-cancer drugs. Deeper understanding of these pathways could contribute to rational design and further improvement of such complexes. In general, although not always, cell accumulation of a drug is directly related to potency. In the work reported here, the cellular uptake and metal accumulation mechanisms are compared for chlorido and iodido iminopyridine ruthenium(II) arene anticancer complexes, including time-, concentration-and temperature-dependence as well as extent of metal efflux. The effects on metal accumulation investigated include (a) the role of the Na + /K + pump, as a facilitated diffusion endocytosis pathway, (b) membrane disruption by amphotericin B as a model for protein-mediated transport, (c) the role of the caveolae endocytosis pathway, as well as (d) the role of the copper uptake protein CTR1, and (e) ATP depletion. We have also investigated P-gp glycoproteinmediated efflux. For these studies, two isostructural complexes 1 [Ru(p-cym)(ImpyNMe 2 )Cl]PF 6 and 2 [Ru(p-cym)(ImpyNMe 2 )I]PF 6 which only differ in their monodentate halido ligand were selected so that the specific effect on the cellular uptake processes of complexes bearing either a chloride or iodide as a monodentate ligand could be studied.
B from Streptomyces sp., methyl b-cyclodextrin and copper(II) chloride dihydrate ( Z 99.0%) were purchased from SigmaAldrich.
Cell culture
The A2780 ovarian cancer cell line was obtained from the ECACC (European Collection of Animal Cell Culture, Salisbury, UK). The cells were maintained in RPMI 1640 medium which was supplemented with 10% fetal calf serum, 1% L-glutamine and 1% penicillin/streptomycin. All cells were grown at 310 K in an humidified atmosphere containing 5% CO 2 .
In vitro growth inhibition assay
The antiproliferative activity of complexes 1, 2 and CDDP was determined in the A2780 ovarian cancer cell line. Briefly, 96-well plates were used to seed 5000 cells per well; they were left to pre-incubate in drug-free medium at 310 K for 48 h before adding various concentrations of the compounds to be tested. A drug exposure period of 24 h was allowed. After this, the supernatants were removed by suction and each well was washed with PBS. A further 72 h was allowed for the cells to recover in drug-free medium at 310 K. The SRB assay was used to determine cell viability. This assay, first developed by Skeham et al. in 1990, 22 is based on the ability of the sulforhodamine B to bind electrostatically to basic amino acid residues of proteins from fixed cells. Absorbance measurements of solubilised dye allow the determination of the amount of viable treated cells against an untreated control. These measurements were carried on a BioRad iMark microplate reader using a 470 nm filter. IC 50 values, as the concentration which cause 50% inhibition of cell growth, were determined as duplicates of triplicates in two independent sets of experiments, and their standard deviations calculated.
Metal accumulation in cancer cells
Metal accumulation studies for complexes 1, 2 and CDDP were conducted on the A2780 ovarian carcinoma cell line. Briefly, 4 Â 10 6 cells were seeded on a Petri dish; after 24 h of pre-incubation time in drug-free medium, at 310 K in a 5% CO 2 humidified atmosphere, the test complexes were added to give final concentrations equal to IC 50 /3 and then allowed a further 24 h of drug exposure under similar conditions. After this time, cells were treated with trypsin, counted, and cell pellets were collected. Each pellet was digested overnight in concentrated nitric acid (73%) at 353 K; the resulting solutions were diluted to 5% v/v HNO 3 using doubly deionised water, and the amount of ruthenium/platinum taken up by the cells was determined by ICP-MS, using an Agilent Technologies 7500 series instrument. The solvent used for all ICP-MS experiments was double deionised water (DDW) with 5% HNO 3 . Metal standards (Ru/Pt) were freshly prepared before each experiment. The concentrations used for the calibration curve were in all cases 0, 5, 10, 50, 200, 500, 1 Â 10 Pt; readings were made in duplicate (He gas and no-gas mode). These experiments did not include any cell recovery time in drug-free medium. They were all carried out in triplicate in two set of independent experiments and the standard deviations were calculated. The statistical significance of all cellular accumulation values was determined as P o 0.05. Results are compared to the corresponding data for CDDP.
Further metal accumulation experiments were carried out as described above including the following experimental variations. In all cases, 4 Â 10 6 A2780 cells were seeded in Petri dishes, the pre-incubation time in drug-free medium at 310 K was 24 h, and the drug concentrations used were equipotent and equal to IC 50 /3 (CDDP = 0.4 mM, complex 1 = 5 mM and complex 2 = 1 mM) unless otherwise stated.
Time dependence. These experiments involved variable drug exposure time and no recovery time in drug-free medium. The chosen time points for drug exposure were: 1, 4, 8, 24, 48, 72 and 96 h.
Temperature dependence. Experiments were carried out using 8 h of drug exposure with no recovery time in drug-free medium. The chosen temperatures for incubation with the drugs were: 277, 293 and 310 K.
Concentration dependence. These experiments used 24 h of drug exposure at 310 K and no recovery time in drug-free medium. The chosen equipotent drug concentrations were: 0.16, 0.33, 1.6, 3.2, 6.4 and 9.6 Â IC 50 .
Extent of efflux. In these experiments, drugs were removed after 24 h of exposure at 310 K and fresh drug-free medium was added to the cells in the Petri dishes. Cells were incubated again in drug-free medium for 24, 48 and 72 h to allow for recovery before being treated with trypsin to collect the cell pellets.
Inhibition of efflux. Experiments were done using 24 h of drug exposure time at 310 K and 24 h of recovery time using drug-free fresh medium with 5 mM, 10 mM or 20 mM of verapamil.
Role of Na + /K + pump in cellular metal accumulation, as a facilitated diffusion endocytosis pathway. These experiments involved 24 h of drug exposure at 310 K, co-administration of the drug with 5, 10, 20 mM, 0.1 or 0.2 mM of ouabain. No recovery time in drug-free medium was allowed.
Role of CTR1 in cellular metal accumulation. Experiments were carried out using 24 h of drug exposure time at 310 K and co-administration of the drug with 10, 20, 40 mM, 0.1 or 0.2 mM of copper(II) chloride. No recovery time in drug-free medium was allowed. Membrane disruption by amphotericin B as a model for protein-mediated uptake. These experiments were carried out using 24 h of drug exposure and co-administration of the drug with 1, 5, 10 or 20 mM of amphotericin B. No recovery time in drug-free medium was allowed.
The role of caveolae endocytosis pathway in metal accumulation. These experiments involved 24 h of drug exposure and co-administration of the drug with 10, 20 mM, 0.5 or 1 mM of methyl b-cyclodextrin. No recovery time in drug-free medium was allowed.
Results

Synthesis and characterization
Ruthenium arene complexes 1 [Ru(p-cym)(ImpyNMe 2 )Cl]PF 6 and 2 [Ru(p-cym)(ImpyNMe 2 )I]PF 6 were prepared via their respective I-or Cl-bridged dimers, as previously reported and were characterized by standard methods. 21 
In vitro growth inhibition assay
The antiproliferative activity of complexes 1 and 2 towards A2780 human ovarian cancer cells was determined using the SRB assay. The iodido complex 2 shows similar potency to CDDP and is ca. 5Â more active than the chlorido complex 1 ( Table 1) .
Metal accumulation and distribution in cancer cells
Total cellular accumulation of ruthenium from complexes 1 and 2 was determined for A2780 ovarian cells using equipotent concentrations at IC 50 /3. Ruthenium accumulation after 24 h of drug exposure at 310 K in a 5% CO 2 humidified atmosphere was lower for complex 1 (7.5 AE 0.5 ng Ru per million cells) than for complex 2 (11.9 AE 0.8 ng per million cells). In contrast the accumulation of Pt from CDDP at an equivalent dose (IC 50 /3) is ca. 90Â less on a molar basis (Table 1) .
Time dependence. The accumulation of ruthenium for complexes 1 and 2 in A2780 cells at 310 K was determined at different time points using equipotent concentrations at IC 50 /3. The general trend shows that the maximum cellular accumulation of Ru (and Pt from CDDP) is reached after 48 h of drug exposure, after which an influx/efflux equilibrium is reached ( Fig. 2A and Table S2 , ESIw).
Temperature dependence. Cellular accumulation of Ru from complexes 1, 2 and Pt from CDDP (Fig. 2B and Table S3 , ESIw), was determined at three different temperatures. At 277 K there was no observable cellular accumulation of Pt from CDDP which indicates the active nature of its uptake. In contrast both Ru complexes were taken up even at this low temperature, which suggests that their uptake is partially passive and not energy-dependent, especially for iodido complex 2. The accumulation of Ru from both complexes increases with increasing temperature. 
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Concentration dependence. The dose dependence of cellular accumulation of ruthenium for complexes 1 and 2 was determined in order to investigate whether saturation of the system is reached. These experiments were carried out using equipotent concentrations of each complex so that the data are comparable. Chlorido complex 1 does not seem to saturate the uptake pathway up to 50 mM (Fig. 2C and Table S4 , ESIw). At higher concentrations (above 3.2 Â IC 50 values) both complexes cause total cell death. Cell uptake of Pt from CDDP does not saturate the system up to almost 10 times its IC 50 value (11.5 mM).
Extent of efflux.
The total cellular accumulation of the metal depends both on cellular uptake and on the extent of efflux. Complexes 1 and 2 were used to investigate the extent of drug efflux with variable recovery times. These data are compared to the maximum cellular accumulation after 24 h exposure time studied earlier. Results indicate that even after 72 h in drug-free media, none of the complexes was completely excreted from the cell ( Fig. 3 and Table S5 , ESIw), being retained in both cases to more than 25% of the original uptake. Moreover, the extent of the efflux seems to reach a plateau after 48 h.
Inhibition of efflux. In this study, A2780 cells were co-incubated with complexes 1 and 2 and verapamil. Their cellular accumulation was determined. In both cases ruthenium accumulation, after 24 h of recovery, increased with increasing verapamil concentration, (Fig. 3 and View Article Online
Role of ATP depletion in cellular metal accumulation. Antimycin A 1 , which can deplete ATP levels, 23 was used as co-incubating agent with complexes 1, 2 and CDDP in order to investigate whether A2780 cellular accumulation is affected by changes of ATP concentration in the cell and compared to CDDP. Results suggest that accumulation of platinum from CDDP and Ru from iodido complex 2 are unaffected after changes in ATP levels ( Fig. 5 and Table S9 , ESIw). However cellular accumulation of ruthenium from chlorido complex 1 increases markedly from 7.5 AE 0.2 to 32 AE 2 ng of Ru per 10 6 cells when co-incubated with 5 mM of antimycin.
Membrane disruption by amphotericin B as a model for protein-mediated uptake. A2780 cells and complexes 1, 2 or CDDP were co-incubated with variable amounts of amphotericin B (1 mM, 5 mM, 10 mM or 20 mM) to observe changes in their cellular accumulation due to the formation of pores in the cellular membrane caused by this antifungal drug. Fig. 6A shows that Pt accumulation from CDDP is doubled in the presence of 10 mM amphotericin, a similar behaviour was observed for Ru accumulation from the iodido complex 2 (Table S10, ESIw).
The role of the caveolae endocytosis pathway in metal accumulation. A2780 cells were co-incubated with complexes 1, 2 or CDDP and variable amounts of b-methyl cyclodextrin (10, 20 mM, 0.5 or 1 mM) and changes in metal accumulation determined. In all cases, the presence of b-methyl cyclodextrin caused no significant change in platinum or ruthenium accumulation in cells (Fig. 6B and H-NMR (reported elsewhere), show that both complexes can undergo aquation; 2 mM solutions generate ca. 64% of the aqua adduct after 24 h at 310 K (Table S1, ESIw). 21 However, surprisingly, we found that the iodido complex 2 does not undergo conversion to its chlorido analogue in the presence of physiologically relevant NaCl concentrations and is stable up to 48 h in cell culture medium (NaCl concentration of 108 mM). 21 Hence the differences in biological behavior studied here can be reasonably attributed largely to differences in cell recognition and transport of the intact chlorido and iodido complexes. Indeed they exhibit marked differences in their antiproliferative activity. Complex 2 is 5Â more potent than complex 1 in A2780 ovarian carcinoma; furthermore, its activity is of similar potency to cisplatin. If the iodido complex was converted into the chlorido complex, this would not be the case. We now discuss the differences in their cell uptake and accumulation pathways investigated in the present work which are likely to contribute greatly to the difference in their potency and mechanism of action. The main emphasis in the present work is on uptake pathways. Species formed by transformation of the complexes in the cytosol, by e.g. aquation and reaction with glutathione, may be involved in the efflux pathways but these are not considered in detail here.
Pathways involved in cellular uptake and accumulation
The extent of the Ru accumulation in A2780 ovarian cancer cells was determined using equipotent concentrations (IC 50 /3) of complexes 1, 2 and CDDP. Results in Table 1 indicate that the accumulation Ru from complexes 1 and 2 is more than one order of magnitude higher than Pt accumulated from CDDP, indicating that Ru accumulation pathways are more efficient than those involved in Pt uptake. Mechanisms of Pt cellular uptake from cisplatin and cellular accumulation have been widely investigated, 11, 14 however little is known about the analogous pathways involved in the uptake of half-sandwich ruthenium anticancer complexes. 24 One of the aims of this study was to gain a more in-depth understanding of this crucial step. It has been reported that CDDP uptake is linear during the first 60 min of drug exposure, 25 however the present investigation involves a longer time frame. A2780 ovarian cells were exposed to complex 1, its iodido analogue complex 2 and CDDP over seven different periods of time ranging from 1 to 96 h. In all cases, maximum cellular metal accumulation occurs between 24-48 h of drug exposure, after this time, the amount of accumulated Pt/Ru decreases slightly. The accumulation of Pt from CDDP appears to reach a plateau after 96 h ( Fig. 2A) .
Active transport, as the movement of a substance across a cell membrane that involves energy consumption, is considered responsible for the uptake of numerous drugs. 26, 27 Therefore, the temperature dependence of the cellular uptake and accumulation of Ru was also investigated. Experiments were carried out at three different temperatures, 277 K, 295 K and 310 K. CDDP influx does not occur at the lowest temperature (277 K), which is consistent with previous reports that CDDP uptake is energy-dependent. 28 As expected for an energy-dependent process, CDDP influx begins at 295 K and increases as the temperature is raised to 310 K (from 0.005 AE 0.002 ng of Pt to 0.12 AE 0.03 ng of Pt per 10 6 cells). The temperature dependence of Ru accumulation for complexes 1 and 2 is very different. Although an increased uptake accompanies an increase in temperature, only complex 2 exhibited energy-independent uptake at 277 K (0.8 AE 0.1 ng of Ru per 10 6 cells) (Fig. 2B ). Another important factor investigated was the saturation of the cellular uptake with increasing drug concentration (Fig. 2C ). Experiments were carried out at equipotent concentrations of complexes 1, 2 and CDDP. Platinum uptake slows down after reaching 6.4 Â IC 50 concentration values (7.6 mM), but does not reach a plateau. This is consistent with previous reports indicating that CDDP accumulation does not saturate up to 100 mM CDDP. 17 Meanwhile, ruthenium complexes 1 and 2 exhibit a much sharper gradient; concentrations of up to 3.2 Â IC 50 values do not cause saturation of the accumulation pathways. It is also relevant that at concentrations above 6.4 Â IC 50 , total cell death was observed for both Ru complexes 1 and 2. Therefore the concentration of Ru at which saturation occurs could not be established.
Cellular accumulation of metal (Ru/Pt) arises as the result of two important processes: cellular influx and efflux. The latter is especially important in antiproliferative activity determinations that involve a cell recovery period in drug-free medium. The extent of the efflux of Ru for chlorido complex 1 and its iodido analogue 2 was investigated over time (Fig. 3) . A2780 ovarian cells were exposed to the ruthenium complexes for 24 h and then left to recover for various periods of time. Although there is a significant efflux during the first 24 h of recovery, the concentration of metal retained in the cells reaches a plateau after 48 h, with no marked difference between 24 and 48 h. Notably, at the longest time point used, at least 25% of the original ruthenium is retained.
One of the most important mechanisms of resistance to anticancer pharmaceuticals involves impaired cellular accumulation as a result of an increased extent of efflux. 29 Therefore investigating the mechanism of efflux of a drug can provide insights into the mechanism of resistance. Verapamil, an L-type calcium channel blocker, effectively abrogates P-gp mediated active efflux of anticancer drugs in ovarian cancer cells by competitive inhibition of drug transport, and is capable of reversing multi-drug resistance. [30] [31] [32] Although it is not fully understood how verapamil interacts with P-gp to decrease cellular efflux, it has been reported that 50 mM of verapamil is capable of restoring doxorubicin sensitivity in MDR cell lines 30 by blocking active efflux. 33 Accordingly, complexes 1 and 2 were used to investigate the extent of Ru efflux when cells are allowed to recover in drug-free medium that contains verapamil.
By increasing the concentration of verapamil it is possible to impair the efflux of ruthenium complexes 1 and 2 (Fig. 3) . This is especially important for chlorido complex 1 which is retained by more than 70% in the presence of 20 mM of this calcium channel blocker. This result is consistent with P-gp involvement in the efflux of complex 1. However, it is remarkable that preliminary molecular docking calculations 34 carried out for the N,N-iminopyridine chelating ligand seem to indicate that this is not a P-gp substrate. The use of verapamil to restore the sensitivity of cancer cells to ruthenium arene complexes and involvement of P-gp in resistance has been demonstrated previously. 6 In particular, sensitivity to [Ru(Z 6 -p-bip)(en)Cl]PF 6 (RM175), is restored by verapamil in adriamycin-resistant A2780AD cells. 30 In contrast, verapamil does not restore CDDP sensitivity, as the it is not recognized by P-gp. [35] [36] [37] Polar molecules are not usually thought to diffuse freely through the cell membrane; instead, they need to rely on membrane proteins or membrane channels to reach the interior of cell compartments. One of these proteins in the plasma membrane is the sodium-potassium adenosine triphosphatase enzyme or Na + /K + pump which is responsible for maintaining cellular volume and, most importantly, for maintaining the resting potential of the cell. 14, 17, 38, 39 The function of this pump is altered by ouabain which reduces the sodium gradient across the cell membrane causing the membrane potential to change. 40 There are no previous reports that investigate the effect of co-administering ouabain with ruthenium drugs. To analyse cellular accumulation of Ru under these conditions, A2780 cells were co-incubated with complexes 1, 2 and 5-200 mM of ouabain. Corresponding data for CDDP were also obtained (Fig. 4A) . In the case of complexes 1 and 2, co-administration with the cardiac glycoside ouabain impaired cellular Ru accumulation. Ruthenium accumulation from complex 1 is almost halved from 7.5 AE 0. ruthenium complexes relies at least in part on facilitated diffusion, and in particular is dependent on the membrane potential. As expected from previous reports, 17, 25 cisplatin accumulation is also reduced with increasing concentrations of ouabain, by about 50% from 0.24 AE 0.05 ng of Pt to 0.12 AE 0.05 ng of Pt per 10 6 cells when co-administered with 200 mM of the glycoside. Although the mechanism of inhibition is still not clear, it has been proposed that the sodium gradient in the membrane determines the facilitated transport of CDDP into the cells. 14, 41 This suggests that CDDP transport is dependent on the membrane potential, therefore any agent that affects the electrochemical gradient in the cell could potentially modify CDDP uptake. 28 The decrease in CDDP cellular accumulation caused by the action of ouabain on the Na + / K + -ATPase pump, 11 is caused by changes in the electrochemical gradient and not because the pump itself transports the drug into the cell. 28 Cellular accumulation of CDDP has been linked to copper transport pathways in mammalian cells. 42, 43 Hence, A2780 cells were co-incubated with complexes 1, 2 and various concentrations of Cu II with the aim of investigating whether CTR1 is also involved in the transport of these complexes across the cellular membrane. Corresponding data for CDDP were also obtained for comparison (Fig. 4B) . Results suggest that the CTR1 pathway may also be involved in the uptake of ruthenium complexes 1 and 2. ). A2780 ovarian cancer cells were also co-incubated with CDDP together with various concentrations of Cu II that ranged between 10 mM, and 0.2 mM. Under similar conditions Pt accumulation from CDDP was reduced by ca. 67%, from 0.24 AE 0.05 ng of Pt to 0.08 AE 0.01 ng of Pt per 10 6 cells in the presence of 0.2 mM Cu II , a 40% reduction in accumulation of Pt. These data are consistent with previous reports which indicate that CTR1 regulates CDDP toxicity by regulating CDDP uptake 44 and that the expression of CTR1 alters sensitivity to CDDP and other platinum-containing anticancer drugs. 45 Although the nature of the interaction of CDDP with CTR1, which facilitates Pt accumulation is poorly understood, recent NMR data show that CDDP binds to the methionine sulfur atoms on extracellular CTR1, to form monosulfur adducts (cis-[PtCl(Met)(NH 3 ) 2 ] + ) that may facilitate the transport and activation of the drug. 46 Such an interaction may also be involved in the activation and antiproliferative mechanism of other metal based-chemotherapeutic drugs such as ruthenium arene complexes since it is known that complexes such as [Ru(Z 6 -p-bip)(en)Cl]PF 6 (RM175) can form cysteine and methionine adducts. 47 Some energy dependent pathways can be inhibited by lowering the levels of ATP. Such reduction of ATP concentrations can be achieved by co-administering antimycin A, a mitochondrial ATP synthesis inhibitor that interferes with oxidative phosphorylation by binding to the Qi site of cytochrome c reductase. [48] [49] [50] Antimycin (1.5 mM) has been reported to achieve 90% depletion of ATP in LLC-PK cells (pig kidney cells) when exposed for 5 h. 48 In order to investigate the role of ATP depletion on cellular accumulation of Ru, A2780 cells were co-incubated with complexes 1 or 2 and 5 mM antimycin A. Similar experiments were also carried out using CDDP (Fig. 5) .
It is expected that if the cellular uptake of complexes 1 and 2 is ATP-dependent, its depletion should cause a decrease in Ru cellular accumulation. However, only a small, non-significant variation was observed in the cellular accumulation of Ru from complex 2 [Ru(Z 6 -p-cym)(p-Impy-NMe 2 )I]PF 6 (Fig. 5) . These results suggest that Ru accumulation from 2 is largely ATP-independent. This is consistent with the significant cellular accumulation observed at low temperatures (277 K, vide supra). In contrast, Fig. 4 also shows that there is a major increase in cellular accumulation of ruthenium from complex 1 [Ru(Z 6 -p-cym)(p-Impy-NMe 2 )Cl]PF 6 . This behaviour may be due to the involvement of an ATP-dependent efflux pump in the detoxification of this complex. This could be an ABC transporter, such as the MRP2 pump. The MRP2 pump is inhibited by antimicin-induced ATP depletion; therefore its inhibition could allow intracellular Ru concentrations to increase. The ATP-dependent pump has been reported to be involved in the efflux of CDDP conjugated to glutathione and to multidrug resistance mechanisms. 
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Enhanced protein-mediated transport across cell membranes has been reported as a means of increasing cellular accumulation. 52 Consequently, the role of protein-mediated transport in the cellular accumulation of Pt and Ru drugs was investigated. A2780 cells were co-incubated with complexes 1, 2 or CDDP and variable concentrations of amphotericin B, which forms pores in the cellular membrane. 36, [53] [54] [55] These pores, permeable to water and non-electrolytes, may give rise to increased drug influx and therefore higher cellular accumulation. Experimental results from co-incubation with amphotericin B (Fig. 6A) show that there is no significant variation in the cellular accumulation of Ru from complex 1, suggesting that facilitated diffusion is not involved in the uptake pathway of this complex. In contrast, cellular accumulation of Ru from complex 2 is doubled from 11.9 AE 0.3 ng of Ru per 10 6 cells to 25.4 AE 0.6 ng of Ru per 10 6 cells by the use of 10 mM of amphotericin B. This result is consistent with the results of the temperature-dependent uptake studies (vide supra) that passive diffusion of this complex through the cell membrane is involved. Fig. 6A also shows that co-incubation with amphotericin B causes Pt accumulation from CDDP to double, from 0.24 AE 0.05 ng to 0.49 AE 0.05 ng of Pt per 10 6 cells. This is consistent with previous reports that amphotericin B increases CDDP cellular accumulation. 14, 36 This effect of amphotericin B on CDDP accumulation has been used to reverse Pt resistance in non-small cell lung cancer cells. 17 However, when CDDP resistance develops, cells may also develop resistance to amphotericin B, 5-fluorouracil and aphidicolin. Finally, the role of the caveolae endocytosis pathway in cellular metal accumulation was explored (Fig. 6B) . A2780 cells were co-incubated with complexes 1, 2 or CDDP and increasing concentrations of b-methyl cyclodextrin, a cholesterolextracting agent which disrupts caveolae. 57, 58 Results in Fig. 6B , indicate that this endocytosis pathway is not involved either in the uptake of Pt from CDDP nor in the uptake of Ru for complexes 1, 2 as there are no significant changes in cellular metal concentrations with increasing concentrations of b-methyl cyclodextrin.
Conclusions
Possible pathways for the uptake of the organometallic ruthenium arene anticancer complexes 1 [Ru(Z 6 -p-cym)(p-Impy-NMe 2 )-Cl]PF 6 and 2 [Ru(Z 6 -p-cym)(p-Impy-NMe 2 )I]PF 6 which differ only in the monodentate halido ligand, have been investigated for A2780 ovarian cancer cells and compared to the clinical platinum drug CDDP. It was demonstrated that maximum Ru accumulation from both Ru complexes occurs between 24 h and 48 h of exposure. Also, complex 2 exhibits partial energyindependent uptake. In contrast CDDP is not taken up at low temperatures (277 K), and its accumulation is greatly enhanced by amphotericin B, a facilitative diffusion agent. Cellular accumulation of ruthenium in A2780 cells was enhanced by inhibition of efflux pathways by verapamil, suggesting that a MDR protein, such as P-gp, could be involved in ruthenium efflux and detoxification. This is also supported by results of co-incubation with antimycin A, which show enhanced accumulation of chlorido complex 1 consistent with inhibition of the MRP2 pump which is ATP-dependent. Changes in the resting membrane potential induced by ouabain were shown to reduce Ru accumulation in A2780 ovarian cancer cells, which suggests that electrochemical gradients can modulate uptake. The CTR1 copper transporter, which is involved in the cellular uptake of CDDP, is likely to be involved as well in the uptake of iodido complex 2. Finally it was shown that the caveolae endocytosis pathway is not involved in the uptake of either of the ruthenium complexes 1 or 2.
Although these Ru complexes exhibit very similar aqueous reactivity characteristics, achieving similar extents of hydrolysis after a 24 h period (63-66%), we have shown that both complexes are stable in cell culture medium and that they do not undergo aquation in the presence of high NaCl concentrations. 21 Therefore, the differences observed in their uptake pathways are likely to be related to the properties of the halido structures themselves, and not to the common aqua adduct. DFT calculations show that the iodido face of the pseudooctahedral half sandwich complex 2 is more positively-charged than for the chlorido complex 1. 21 This change in polarization may play a major role in the remarkable difference in uptake.
Efflux of the complexes is likely to be affected by possible chemical transformations inside the cells. For example, reactions with glutathione may lead to thiolate as well as sulfenate and sulfinate derivatives, 59 ,60 which may be recognized by efflux transporters, as in the case of products from reaction of CDDP with GSH. 61, 62 Hence aqua, GSH and complexes with other intracellular biomolecules may play a role in efflux, and will be interesting to investigate in future work.
